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Mutations in leucine-rich repeat kinase 2 (LRRK2) are a com-
mon cause of familial and apparently sporadic Parkinson dis-
ease. LRRK2 is a multidomain protein kinase with autophospho-
rylation activity. It has previously been shown that the kinase
activity of LRRK2 is required for neuronal toxicity, suggesting
that understanding the mechanism of kinase activation and reg-
ulation may be important for the development of specific kinase
inhibitors for Parkinson disease treatment. Here, we show that
LRRK2 predominantly exists as a dimer under native condi-
tions, a state that appears to be stabilized by multiple domain-
domain interactions. Furthermore, an intact C terminus, but
not N terminus, is required for autophosphorylation activity.
We identify two residues in the activation loop that contribute
to the regulation of LRRK2 autophosphorylation. Finally, we
demonstrate that LRRK2 undergoes intramolecular autophos-
phorylation. Together, these results provide insight into the
mechanism and regulation of LRRK2 kinase activity.

Mutations in leucine-rich repeat kinase 2 (LRRK2)® are the
single most common genetic cause of Parkinson disease (PD)
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(1, 2), accounting for 1-40% of all PD cases depending on the
population studied (3-5). All mutations reported to date are
inherited in a dominant fashion, albeit at reduced penetrance
for some mutations (6). The phenotype of affected individuals is
of clinical PD with variable pathology at autopsy (2, 7, 8).

The LRRK2 protein is large and complex, containing two
enzymatic domains as well as several potential protein-protein
interaction motifs. The various mutations are scattered
throughout the protein with some evidence of clustering in the
two enzymatic domains, which have kinase and GTPase activ-
ity, respectively (9-14). For example, the most common muta-
tion (G2019S) is in the kinase domain, and there is a mutation at
the adjacent residue, 12020T, that is the cause of PD in the
family originally shown to segregate with the locus on chromo-
some 12 (8, 15). There are several mutations in the GTPase
domain, including three at residue Arg-1441 (R1441C/
R1441G/R1441H) and other mutations in the intervening
sequences between GTPase and kinase domains.

We, and others, have shown that LRRK2 kinase activity is
required for toxicity, at least in cell culture models (10, 16). An
unresolved question is whether mutations consistently affect
enzyme activity as published data on this are conflicting. The
common G2019S mutation has consistently been shown to
increase kinase activity by 2—3-fold (10, 14, 17, 18). Glycine
2019 is located at the Mg®*-binding motif at the N-terminal
end of the activation loop, a region of the kinase that is critical in
the control of kinase activity. The effects of 12020T have been
less clear, with both increases and decreases in kinase activity
reported in different studies (9, 17, 19). Similarly varied impacts
have been reported for mutations outside the kinase domain.
LRRK?2 and the related kinase LRRK1 can both bind GTP, and
non-hydrolyzable GTP analogues increase kinase activity (11,
20-22). Mutations such as R1441C or R1441G decrease
GTPase activity (11-13), thus potentially increasing the length
of time that the molecule has increased kinase activity following
GTP binding.

Part of the difficulty with assessing how mutations affect
kinase activity is that our knowledge of how these large complex
kinases work is, at best, nascent. A previous study using frag-
ments of LRRK2 expressed as recombinant proteins in Esche-
richia coli has shown that LRRK2 can phosphorylate itself effi-
ciently and that there are key residues within the activation loop
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of the kinase that control activity (18). In the present study, we
have examined the autophosphorylation activity of the intact,
full-length LRRK2 protein expressed in mammalian cells. We
show that autophosphorylation is affected by Ser/Thr muta-
tions in the activation loop of LRRK2. However, and in contrast
to fragments expressed in E. coli, our data support the idea that
full-length LRRK2 undergoes cis rather than trans autophos-
phorylation. We suggest that these differences are due to the
complex topology of LRRK2, which results in the formation of
dimeric species in vivo.

EXPERIMENTAL PROCEDURES

Constructs and Cell Culture—Full-length LRRK2 was cloned
to generate N-terminal 2x-Myc or GFP and C-terminal V5-His
tagged proteins as described previously (10, 21). Mutagenesis to
generate artificial activation loop mutations was performed
using the QuikChange II site-direct mutagenesis (Stratagene,
La Jolla, CA). Truncated forms of LRRK2 were amplified from
full-length ¢cDNA using Pfu polymerase (Stratagene), cloned
into pCR8GW/TOPO (Invitrogen), and subcloned into 2x-Myc
destination vectors (21). Roc and WD40 domains were ampli-
fied and cloned in fusion with GFP in the pEGFP-C1 plasmid via
the Bglll and Kpnl sites of the multiple cloning site. GFP was
excised from these constructs via Nhel and BspEI digestion and
replaced by a short adaptor containing the 3x-FLAG tag (for
Roc and WD40) or the 3x-Myc tag (for Roc). All plasmids were
fully sequenced. Constructs were transfected in HEK293FT or
COS7 cells using FUGENE 6 (Roche Applied Science). Cells
were harvested 48 h after transfection. Lymphoblastoid cell
lines were used for endogenous LRRK?2 as these cells have been
shown previously to express high levels of the protein (23).

Yeast Two-hybrid Screening—Yeast two-hybrid strain
AH109 harboring the HIS3, ADE2, and lacZ reporters were
transformed with a portion of LRRK2 (amino acids 1270 —1435)
fused to the Gal4 DNA-binding domain. This construct was
determined to be negative in self-activation of all selection
markers by co-transformation with empty vectors. Yeast har-
boring the LRRK2-DNA-binding domain construct were
mated with yeast containing a human brain cDNA library fused
to the activation domain (premade Matchmaker pretrans-
formed cDNA libraries, Clontech). Mated yeast were grown on
Trp /Leu /His™ /Ade™ plates for 4 weeks to assay for interac-
tion. Positive clones were grown, and the prey inserts were iso-
lated and sequenced.

GST Pulldowns—HEK293FT cells were transfected with
GFP-tagged full-length LRRK2 or Myc-tagged truncated
LRRK2 and lysed in 20 mm Tris-HCI, pH 7.5, 150 mm NaCl, 1
mM Na,EDTA, 1 mm EGTA, 1% Triton, 2.5 mM sodium pyro-
phosphate, 1 mm S-glycerophosphate, 1 mm Na;VO,, 1 ug/ml
leupeptin, protease inhibitor mixture (Roche Applied Science).
Glutathione-Sepharose beads with purified recombinant pro-
teins were incubated with total cell lysates for 2 h at 4 °C. After
four washes (phosphate-buffered saline, 150 mm NaCl, 1% Tri-
ton X-100, and protease inhibitors), copurified proteins were
analyzed by immunoblot with anti-GFP or anti-Myc antibody
(Roche Applied Science).

Co-immunoprecipitation—HEK293FT cells were co-trans-
fected with GFP-tagged and V5-tagged full-length LRRK2 or
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3x-Myc-tagged Roc-LRRK2 and 3x-FLAG-tagged Roc or
WDA40. After 48 h, cells were lysed and incubated with anti-GFP
antibody or anti-Myc-agarose beads at 4 °C (Invitrogen). After
four washes, immunoprecipitates were analyzed by Western
blotting with anti-V5 antibodies (Invitrogen), anti-GFP anti-
bodies (Roche Applied Science), anti-Myc antibodies (9e10,
Roche Applied Science), or anti-FLAG antibodies (M2, Sigma).

Size Exclusion Chromatography and Native PAGE—Size
exclusion chromatography was carried out at 4 °C using the
Amersham Biosciences Akta-FPLC system. Transiently trans-
fected COS7 cells were lysed on ice for 30 min (0.1% Triton
X-100 in 1X phosphate-buffered saline supplemented with
protease inhibitors), and cleared lysate (0.25 ml) was injected
for FPLC. Gel filtration was a Superdex 200 HR 10/30 column
(Amersham Biosciences) equilibrated with lysis buffer at 0.4
ml/min. Column void volume was 7.8 ml, and elution volumes
of standards (Amersham Biosciences and Sigma) were 10.80 ml
for ferritin (440 kDa), 12.3 ml for catalase (232 kDa), 12.8 ml for
aldolase (158 kDa), 13.8 ml for transferrin (80 kDa), and 14.8 ml
for ovalbumin (43 kDa). Fractions (0.25 ml) were analyzed by
SDS-PAGE and immunoblotting using monoclonal anti-Myc
antibody (Roche Applied Science) or a polyclonal anti-peptide
antibody raised against residues 2079 -2100 of human LRRK2
(Sigma). For native PAGE, 30 ug of total cell lysates transfected
with Myc-LRRK2 were loaded into 3-12% Bis-Tris gels
(Invitrogen). Gels were transferred onto Immobilon-P mem-
branes (Millipore), and membranes were probed with anti-Myc
antibody (910, Roche Applied Science) or rabbit anti-LRRK2.

In Vitro Kinase Assays—Myc-tagged LRRK2 proteins immu-
noprecipitated from HEK293FT were incubated on the agarose
beads with 40 ul of kinase buffer (25 mm Tris-HCI (pH 7.5), 5
mM f3-glycerophosphate, 2 mm dithiothreitol, 0.1 mm Na;VO,,
10 mm MgCl,) containing 3 pCi of [**PJATP (3000 Ci/mmol;
PerkinElmer Life Sciences) per reaction for 30 min at 30 °C.
Reactions were terminated by adding Laemmli buffer, loaded
onto precast Tris-HCI gel 4—-20% or 5% (Bio-Rad) and trans-
ferred onto Immobilon-P membranes (Millipore). Incorpo-
rated [*>P]ATP was detected by autoradiography, and the same
membranes were probed with anti-Myc antibody for total pro-
tein loading.

Structural Modeling—The structural model of the kinase
domain of LRRK2 was constructed using kinase TBR-I (PDB
entry 1B6C) as a template. Because more than one template was
available in the Protein Data Bank, structure-based profile-en-
ergy score (24) was used to guide template selection. PDB entry
1B6C has the best structure-based profile-energy score among
the other serine/threonine kinase structures, so it was chosen as
the model template. Sequence alignment between LRRK2
kinase domain and T8R-I kinase was performed using CLUST-
ALX (25), and all alignments were manually adjusted to keep
the overall secondary structures. The Jackal package (26) was
applied in model building, loop prediction, and refinement.
The final model underwent several rounds of energy minimiza-
tion to solve the clashes between residues.

Statistical Analysis—Statistical significance was assessed
using one-way analysis of variance followed by Tukey’s multiple
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FIGURE 1. LRRK2 self-interacts. A, schematic of the yeast two-hybrid results obtained using a central part of
LRRK2 as bait (upper illustration). Interacting fragments of LRRK2 are shown by double-headed arrows (lower
illustration). ANK = ankyrin domain. B, mapping interactions of the ROC domain against Myc-LRRK2 fragments
expressed in 293FT cells. The left panel shows inputs, the central panel represents GST-ROC pulldowns, and the
right panel represents GST pulldowns. Membranes were probed with Myc (9e10) antibody. Kin, kinase.
C, Coomassie Blue staining of GST and GST-ROC proteins used for pulldown experiments. D, mapping interac-
tions of the ROC domain by co-immunoprecipitation (/P). Myc-ROC or vector control plasmids were co-ex-
pressed together with FLAG-ROC and FLAG-WD40 in 293FT cells, and proteins were co-immunoprecipitated.
The left panels show inputs (Myc-ROC on lanes 1-2; FLAG-ROC and FLAG-WD40 on lanes 3-4), and the right
panels show co-immunoprecipitations by Myc-ROC (lanes 5-6) or by vector control (lanes 7-8). Membranes
were probed with anti-Myc (9e10; lanes 1-2) or anti-FLAG (M2; lanes 3-8) antibodies. /B, immunoblot. £, GST
pulldowns of ROC-COR-kinase with GFP-full-length LRRK2 expressed in 293FT cells. Recombinant ROC-COR-
kinase was expressed in E. coli as GST fusion protein and purified by glutathione affinity chromatography. The
upper panel indicates inputs, and the lower panel indicates pulldowns. Blots were probed with anti-GFP mono-
clonal antibody. F, full-length LRRK2 interaction. Co-immunoprecipitation of GFP-LRRK2 and LRRK2-V5 over-
expressed in 293FT cells. Immunoprecipitations were performed using anti-GFP antibodies. Inputs (upper
panels) and immunoprecipitates (lower panels) were probed with either GFP or V5 antibodies. The arrows
indicate position of LRRK2, and the markers on the right of the blots are in kilodaltons.

ROC (Ras of complex proteins)
domain and part of the leucine-rich
repeats (LRRs) domain (amino acids
1270-1435) and identified several
clones encoding three distinct por-
tions of LRRK2. These were part of
(i) the non-annotated N-terminal
region (18 -186), (ii) the LRRs and a
region just before the ROC domain
(1123-1200), and (iii) the C-termi-
nal WD40 domain (2084 —2217; Fig.
1A). These results suggested that
LRRK2 exhibits self-interaction
through different domains.

To confirm the initial yeast two-
hybrid results, we used GST pull-
downs and co-immunoprecipita-
tion (Fig. 1, B-D) to precipitate
Myc- or FLAG-tagged LRRK?2 frag-
ments from transfected cells. Using
the GST-ROC domain, we could
pull down the central portion of the
LRRK2 molecule (ROC-COR-ki-
nase domains; Fig. 1B, lane 9), con-
sistent with predictions from the
above screen. This interaction was
strengthened by inclusion of the
WD40 domain (Fig. 1B, lane 6), sug-
gesting that this region also contrib-
utes to self-interaction. We also
observed interaction between the
ROC domain and the two adjacent
regions COR and LRRs (Fig. 1B,
lanes 7 and 8). The ability of ROC to
pull down LRRs confirms the yeast
two-hybrid findings, whereas the
interaction with COR domain,
which we have previously shown
(28), likely suggests that these two
contiguous domains physically
interact. The kinase domain showed
only a very weak interaction with
ROC (Fig. 1B, lane 10). However,
the N-terminal region of LRRK2
was not stable when expressed in
mammalian cells or as recombinant
fusion proteins (data not shown).
Therefore, although our yeast two-
hybrid data also support a self-asso-
ciation of LRRK2 that is mediated

comparison test. Differences were considered significant when
p <0.05.

RESULTS

LRRK?2 Self-interacts—Dimerization is a common mecha-
nism to regulate the activity of protein kinases (27). We per-
formed a yeast two-hybrid screen for possible protein interac-
tors of the central portion of LRRK2 encompassing mainly the
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through the central ROC domain and the N terminus, we have
not been able to formally assess whether this part of the protein
is sufficient for interaction. GST alone did not pull down
LRRK?2 under the same conditions (Fig. 1B), even when an excess
amount was added relative to the GST-ROC domain (Fig. 1C).
Although we observed that the presence of WD40 domain
strengthens the interaction with ROC in GST pulldowns (Fig.
1B), we confirmed this result by showing a direct interaction
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FIGURE 2. Truncated forms of LRRK2 show decreased autophosphorylation. A, schematic of deletion con-
structs analyzed for their ability to undergo autophosphorylation. ANK = ankyrin domain. B, the left panel
represents autophosphorylation of immunoprecipitated proteins, and the right panel shows total protein
loading by immunoblot with Myc (9e10) antibody. Full-length proteins (lane 1) exhibit autophosphorylation as
expected; AN terminus (lane 2) displayed high levels of autophosphorylation; ROC-COR-kinase (lane 3) and
kinase (lane 4) were incompetent to undergo autophosphorylation, although the amounts immunoprecipi-
tated were comparable with active proteins (Western blot (WB) with anti-Myc, right panel, lanes 5-8). C, quan-
titation indicates that AN terminus (AN term; amino acids 1328 -2527) incorporates approximately three times
more 3?P than full-length. Both ROC-COR-kinase and kinase domains incorporated almost undetectable

amounts of 32P. All experiments were carried out in triplicate.

between Myc-tagged ROC and FLAG-tagged WD40 by co-im-
munoprecipitation (Fig. 1D, lane 4). We also successfully co-
immunoprecipitated the ROC domain with itself (Fig. 1D, lane
3), supporting the yeast two-hybrid results and the crystal
structure of dimeric ROC (PDB entry 2ZE] (Ref. 28)).

To extend this, we pulled down full-length LRRK2 with a
GST fusion protein that included the ROC, COR, and kinase
domains (Fig. 1E). As above, GST alone gave no signal, and no
signal was seen in non-transfected cells. We showed that two
full-length LRRK2 molecules are also able to interact by co-
immunoprecipitating N-terminal GFP-tagged and C-terminal
V5-tagged proteins (Fig. 1F).

We next asked whether these interactions might contribute
to the kinase activity of the full-length protein expressed in
mammalian cells. Different truncation constructs containing a
Myc tag (Fig. 2A) were expressed and immunoprecipitated
from 293FT cells and subjected to an in vitro kinase assay. Full-
length LRRK?2 and a deletion construct lacking the N terminus
region and the LRRs (amino acids 1328 -2527) displayed auto-
phosphorylation activity (Fig. 2B). Interestingly, proteins lack-
ing the N terminus incorporated approximately three times
more **P when compared with full-length proteins (Fig. 2C).
We also detected autophosphorylation using a construct that
included the LRRs (amino acids 796 —2527), but this fragment
was unstable, and only a small amount of protein could be
expressed and immunoprecipitated (data not shown). In con-
trast, the ROC-COR-kinase domain and the kinase domain
alone expressed at high levels in 293FT, suggesting that they are
intrinsically stable but had very low activity in autophosphoryl-
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ments, we used two artificial mutant
versions of LRRK2 that have
decreased kinase activity relative to
wild-type protein. The triple kinase
dead (K1906A/D1994A/D2017A
(10)) has a small residual activity
when compared with wild type,
whereas the GTP binding-deficient
variant, K1347A (12), retains about
50% of the activity of wild-type when all three versions are
assayed at the same time (Fig. 34).

Blue native PAGE revealed that LRRK2 is mainly present in a
complex with an estimated molecular weight consistent with a
dimer (estimated size 550 kDa) (Fig. 3B). A smeared signal from
the dimer up to 1.2 MDa was also seen, suggesting that LRRK2
is additionally present in larger complexes. Using gel filtration,
we observed that the majority of transfected wild-type Myc-
LRRK2 elutes as a complex of ~600 kDa, slightly larger than the
size of a putative LRRK2 dimer (Fig. 3, C and D). Very little
protein was found in the fraction around 250-300 kDa that
would correspond to a monomeric form of LRRK2. At higher
molecular masses, a smaller peak (~35% of the dimer peak) was
observed at around 1.3 MDa in FPLC (Fig. 3C). All these exper-
iments were performed in transfected COS7 cells, but we found
similar results using HEK293FT cells (data not shown). Inter-
estingly, the triple mutant kinase dead or K1347A versions
tended not to be present in the dimer peaks but in the larger
complexes using both techniques (Fig. 3, B-D), suggesting a
slightly different propensity to form dimers for these two vari-
ants (see discussion).

Although the above results suggest that transfected protein is
capable of forming both dimers and higher molecular weight
species, it is possible that this is an artifact of high expression
levels achieved in heterologous cell lines. To address this, we
surveyed a number of human cell lines for endogenous levels of
LRRK2 and found that lymphoblastoid cell lines expressed the
most readily detectable signal (data not shown), which has also
been reported by Melrose et al. (23). Using these cells, we per-
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of one or more residues in the acti-
vation loop allows the loop to
change conformation, usually re-
sulting in an increased affinity for
substrate binding. We constructed
a structural model of the kinase
domain of LRRK2 using the ser-
ine/threonine kinase domain of
TBR-1(PDB entry 1B6C) as a tem-
plate (Fig. 4A). Since LRRK2 has
been shown to be a serine-threo-
nine kinase (19), we identified
three residues that might be can-
didate sites for modification in
the activation loop, Thr-2031, Ser-
2032, and Thr-2035. We made ala-
nine mutants at all three sites and
glutamate mutants at Ser-2032
and Thr-2035 (see below). Using
native PAGE, we observed that, in
contrast with kinase inactive
LRRK2, all Myc-LRRK2 activation
loop variants showed the same
electrophoretic pattern with the
main signal around the dimeric
complex (Fig. 4B), showing that
these variants do not affect dimer
formation. Furthermore, these
variants were expressed at similar
levels to the wild-type protein (Fig.
4, Cand D) in contrast to the triple
kinase dead or K1347A artificial
mutations that were less stable
(compare with Fig. 34).
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FIGURE 3. Active LRRK2 forms dimers. A, autophosphorylation activity of immunoprecipitated Myc-tagged
wild-type, kinase dead (KD), and K1347A LRRK2. Blots are representative of n = 3 independent experiments,
and corrected activity for total loading (with anti-Myc antibody) are shown in a bar graph. B, native PAGE
reveals that Myc-tagged wild-type (WT)-LRRK2, but not KD, and that K1347A is mainly present in a complex
(~550 kDa) around the dimer size. A faint band is detected at ~270 kDa, corresponding to monomeric LRRK2.
WB, Western blot. C, representative Western blot of 0.25-ml gel filtration fractions of wild-type, KD, and K1347A
LRRK2 cell lysates. The column void volume (V,) and the standards ferritin (440 kDa) and catalase (232 kDa) are
indicated. Blots were probed either with anti-Myc (9e10) or with rabbit anti-LRRK2. D, graph illustrates the
elution profile of Myc-tagged wild-type LRRK2 plotted as the average percentage of protein in each fraction
from fourindependent extracts. The total signal in each fraction measured by densitometry was divided by the
total signal of the protein in all the fractions to determine the percentages shown in the graph. LRRK2 exists
mainly as a ~600-kDa species. A portion of the protein is present in higher molecular weight complexes.

Markers on the right of all blots are in kilodaltons.

formed FPLC and saw a ~600-kDa peak and a broad higher
molecular weight complex for the endogenous protein, similar
to Myc-tagged wild-type LRRK2 (Fig. 3, C and D).

Mutations at Ser-2032 and Thr-2035 Decrease LRRK2 Auto-
phosphorylation Activity—For many protein kinases, dimeriza-
tion is mediated by autophosphorylation of key residues in the
activation loop, which includes the region between the con-
served DFG/DYG and APE motifs (29). Often, phosphorylation

16910 JOURNAL OF BIOLOGICAL CHEMISTRY

levels of LRRK2 when compared
with the wild-type proteins. How-
ever, S2032A exhibited lower auto-
phosphorylation levels when com-
pared with wild type, and T2035A
had activity similar to kinase-dead
LRRK?2 (Fig. 4E). We also mutated
Ser-2032 and Thr-2035 to gluta-
mate to examine whether the activ-
ity could be rescued by mimicking
the phosphate negative charge. We
observed a partial rescue of auto-
phosphorylation only in the case of
S2032E (Fig. 4, C and E) but the same level of **P incorporation
by T2035E when compared with the alanine variant (Fig. 4C,
p < 0.05) (Fig. 4E). In terms of myelin basic protein (MBP)
phosphorylation, we observed a significant reduction in **P
incorporation only for LRRK2-kinase dead (Fig. 4F, p < 0.05),
although we could still detect some background. The activation
loop mutants showed a slight decrease in MBP phosphoryla-
tion, which, however, did not reach significance. Therefore,
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FIGURE 4. Ser-2032 and Thr-2035 regulate LRRK2 autophosphorylation activity but are not sufficient to
mediate dimerization. A, the structural model of kinase domain of LRRK2 constructed using the serine/
threonine kinase domain of TBR-I (PDB entry 1B6C) as a template highlights the position of potential regulatory
sites Thr-2031, Ser-2032, and Thr-2035. The loop in red is the catalytic loop (it also chelates the secondary Mg>*
ion). The loop in orange contains the highly conserved ASP that chelates the primary activating Mg?* ion.
B, native PAGE followed by Western blots (WB) of the Myc-LRRK2 proteins where these sites are mutated to
alanine or glutamate. All variants form dimers and a higher molecular weight smear with a minor band corre-
sponding to monomeric LRRK2. C, WT, KD, and Ala/Glu mutants were cloned in fusion with an N terminus
2x-Myc tag and expressed in 293FT cells. Total lysates were blotted for Myc (9e10) and normalized with B-actin
(upper panels). The same set of constructs was immunoprecipitated (/P) with anti-Myc polyclonal antibodies
and subjected to in vitro kinase assays. Autophosphorylation activity is shown by autoradiography, and total
proteins after immunoprecipitation are shown by Myc Western blot (middle panels). Activity against the
generic Ser/Thr kinase substrate MBP was also assessed (lower two panels) using autoradiography, with MBP
loading assessed using Ponceau staining. Markers on the right of the blots are in kilodaltons. D-F, quantitation
indicates that and Thr-2035 and Ser-2032 mutations were fully stable (D) and had decreased autophosphoryl-
ation activity (E) but only minor effects on MBP phosphorylation (F). D-F were carried out in quadruplicate and
analyzed by one-way analysis of variance with Tukey’s multiple comparison test. *, p < 0.05; **, p < 0.01.

kinase dead LRRK2 and one a Myc-
tagged wild-type LRRK?2, and ana-
lyzed them via 5% SDS-PAGE. We
found that Myc-LRRK2 wild-type
was not able to trans-phosphorylate
GFP-LRRK2-kinase dead even
using increasing concentration of
Myc wild type up to ~1 ug (Fig. 54).
This observation suggests that auto-
phosphorylation occurs in cis. To
exclude the possibility that this
result is limited only to the triple
kinase dead, we checked whether
GFP wild-type proteins were able to
trans-phosphorylate other auto-
phosphorylation-deficient variants
of LRRK2 carrying a Myc tag. As
shown in Fig. 4B, active GFP-
LRRK2 was unable to phosphorylate
Myc-kinase dead, which was
expressed at lower levels than wild-
type protein, but also S2032A,
T2035A, and T2035E, which were
expressed at similar levels (com-
pared also with Fig. 4, Cand D). We
also analyzed the same set of Myc-
tagged proteins using GFP-kinase
dead with consistent results
(Fig. 5C).

We further investigated whether
LRRK?2 activation loop alone could
be a substrate for the full-length
protein. LRRK2 activation loop
(DYG. .. APE) was cloned in fusion
with GST (supplemental Fig. 1A4),
expressed in E. coli, and purified by
affinity chromatography using glu-
tathione-Sepharose beads. Approx-
imately 5 ug of either GST alone or
the GST activation loop were used
as substrates for Myc-LRRK?2 wild-
type and Myc-LRRK1 wild-type
overexpressed and immunoprecipi-
tated from 293FT cells. As shown in
supplemental Fig. 1B, neither
LRRK1 nor LRRK2 were able to
phosphorylate the GST activation
loop, further supporting the prefer-
ence of LRRK2 to undergo intramo-

these two sites have a more readily detectable impact on auto-
phosphorylation than phosphorylation of heterologous
substrates.

LRRK2 Autophosphorylation Is an Intramolecular Process—
Given the dimeric nature of LRRK2, we asked whether a given
monomer within the complex phosphorylates itself (cis-phos-
phorylation) or the other constituent monomer (¢rans-phos-
phorylation). To investigate this mechanism, we used two elec-
trophoretically distinct LRRK2 proteins, one a GFP-tagged
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lecular autophosphorylation. These results alone are not an
unequivocal proof of cis-phosphorylation since activation
loops may have highly constrained conformations within the
protein, and it is possible that the GST activation loop does
not have the proper confirmation. However, these data are at
least consistent with the possibility that LRRK2 undergoes
cis-autophosphorylation.

Taken together, these data indicate that LRRK2 monomers
interact to form a dimer but the kinase domains autophospho-

JOURNAL OF BIOLOGICAL CHEMISTRY 16911


http://www.jbc.org/cgi/content/full/M708718200/DC1
http://www.jbc.org/cgi/content/full/M708718200/DC1

LRRK2 Dimerizes and Autophosphorylates in cis

A Myc-LRRK2 WT .
a2p GFP-KD —= kDa
Myc-WT - S e 050
GFP-KD —»
cBB Myc-WT m — - W . 250
Y & & &

° & FFFF o &
Myc-LRRK2 _ - QN GTREAT &
GFP-WT + + + + + + + -

GFPWT-» M . . °
3z T
P Myc-LRRK2 » | e — 250
WB GFP-WT—-—-—: e el
Myc-LRRK2 » MW W _o5
C A o< 2
& PSS &
Myc-LRRK2 _ - Al i S .2
GFP-KD + + + + + + + -
kDa
Myc-LRRK2 » - e =250
Myc-LRRK2 »= - SR

o v

LRRK2 LRRK2

(P)

FIGURE 5. Autophosphorylation of full-length LRRK2 is an intramolecular
process. A, trans-phosphorylation assays using GFP-KD as substrate and
Myc-WT as active LRRK2. Proteins were purified by immunoprecipitation, and
concentrations were estimated using bovine serum albumin standard on
Coomassie Brilliant Blue (CBB). Constant amounts of GFP-KD (~100 ng) and
increasing amounts of Myc-WT (from ~50 ng to ~1 ng) were loaded in 5%
SDS-PAGE gels. Phosphorylation is shown by autoradiography (upper panel),
and total protein loading is shown by Coomassie Brilliant Blue staining (lower
panel). The experiment is representative of n = 3 replicates. B, trans-phospho-
rylation assays using Myc-LRRK2 WT, S2032A, S2032E, T2035A, T2035E, and
KD and active GFP-WT. The upper panel represents autoradiograms, and the
lower panel shows total protein loading by immunoblot (with monoclonal
anti-GFP and Myc antibodies). WB, Western blot. EV, empty vector. C, trans-
phosphorylation assays using the same set of Myc-tagged LRRK2 protein as A
and GFP-KD as inactive substrate. As above, the upper panel represents auto-
radiograms, and the lower panel shows total protein loading by immunoblot.
D, schematic showing that autophosphorylation (indicated by circled P) of
dimeric LRRK2 is likely to be an intramolecular event.

rylate within the same monomer (Fig. 5D). Nonetheless, we
cannot exclude the possibility that autophosphorylation occurs
in a trans-intradimeric manner if the homodimers are tightly
associated (see “Discussion”).

DISCUSSION

In the present study, we investigated the size of the LRRK2
complex and its mechanism of autophosphorylation. We and
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others have previously shown that kinase activity is required for
LRRK?2 toxicity in neurons (10, 16), suggesting that further
characterization of the mechanism of LRRK2 activity is critical
to develop specific kinase inhibitors as a potential therapeutic
strategy for PD. Here, we have shown that LRRK2 predomi-
nantly exists in a dimeric conformation in vivo with different
points of interactions through each individual monomer. In a
yeast two-hybrid experiment, we used the ROC domain as bait
and found interactions with several regions of LRRK?2, includ-
ing a central portion (LRRs and a region before ROC), the
WD40 domain, and the N terminus region. These observations,
which we have validated by GST pulldown and co-immunopre-
cipitation experiments, suggest that the topology of dimeric
LRRK?2 is complex and that the interaction between the mono-
mers is probably strong. We also confirmed the interaction
between full-length LRRK2 proteins. These data are consistent
with previous findings describing self-interaction of LRRK2
using a different technique, namely tandem affinity purification
9).

The presence of three predicted protein-protein interaction
domains (ankyrin repeats, LRRs, and WD40) suggests that the
LRRK2 complex is likely to include other proteins. We analyzed
the size of the LRRK2 complex under native conditions using
size exclusion chromatography and native PAGE. We found a
strong signal around the molecular mass of a putative dimer,
whereas protein signal at the approximate mass of a LRRK2
monomer represented a small fraction of the total. A smeared
signal was also detected above the dimer size, suggesting that
the LRRK2 complex includes heterologous interactors. Cir-
cumstantial evidence supporting this observation comes from
two recent studies proposing that there are multiple protein
interactors of LRRK2. Gloeckner et al. (9) showed that the
chaperone Hsp90 associates with LRRK2. Similarly, Dachsel et
al. (30) reported a large number of potential interactors for the
protein when expressed in heterologous cell lines. Importantly,
our results are not dependent on the use of transfected protein
as similar observations were made with endogenous LRRK2.

Interestingly, we also found that kinase inactive forms of
LRRK?2 were mainly present in the high molecular weight com-
plex rather than in the dimer range. However, both proteins
exhibit lower steady-state expression levels when compared
with wild type, which complicates the interpretation of these
data. It is possible that these artificial variants may be prone to
misfolding and therefore may migrate aberrantly under native
conditions. Alternatively, proteins that are expressed at lower
levels may be present only in heterologous complexes and
therefore may be less likely to be present in the dimer. It is also
plausible that phosphorylation regulates the self-interaction.

Dimer formation is observed for many protein kinases. Allos-
teric regulation is mediated by homodimerization in a number
of serine-threonine kinases including mitogen-activated pro-
tein (MAP) kinases (31), p38, c¢-Jun N-terminal kinase (JNK),
and their upstream kinases (32—34). We identified three poten-
tial phospho-sites in the loop, one of which, Thr-2035, is well
conserved in a number of protein kinases (29) and serves as
activator of kinase activity. Autophosphorylation activity of the
T2035A variant was almost completely abolished as also
observed previously (20), whereas decreased autophosphoryla-
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tion was also detected when Ser-2032 was replaced by an ala-
nine. We did not observe a significant change in MBP phospho-
rylation upon mutation of these residues when compared with
the wild type. This could be consistent with either of these sites
being phosphorylated, either in autophosphorylation reactions
or by other kinases. However, we did not find that the addition
of a negatively charged pseudophosphorylated residue con-
vincingly increased activity. Alternatively, Ser-2032 and Thr-
2035 could be important structural determinants for kinase
activity, and any substitution may disrupt the conformation of
the loop. Because none of these activation loop variants dis-
played a decreased ability to dimerize, we conclude that auto-
phosphorylation of the activation loop per se is not required for
dimerization. Interestingly, a truncated form of LRRK2 lacking
the N-terminal region (ROC-COR-Kinase-WD40) was very
active in terms of autophosphorylation, whereas proteins con-
taining the smaller ROC-COR-kinase or only kinase domains
were stable when overexpressed but completely unable to
undergo autophosphorylation. These observations are in agree-
ment with another recent report by Jaleel et al. (17), who found
that LRRK2 activity requires an intact C terminus. This could
be due to the presence of a primary autophosphorylation site in
the C terminus. Alternatively, the absence of self-interaction
contacts between the ROC and the WD40 domains may pre-
vent the kinase domain from adopting the most appropriate
orientation.

Although our data indicate multiple interactions among the
domains, it is presently unclear whether these interactions occur
in cis, in trans, or in combination. This is potentially important for
the interpretation of results using pulldown assays, as performed
here, to infer the mode of autophosphorylation. If the tendency of
LRRK2 to form a dimer is sufficiently strong, then most of the
material used in our kinase assays will presumably be dimeric, and
it will therefore be difficult to distinguish between phosphoryla-
tion of adjacent monomers within each dimer versus each mono-
mer phosphorylating itself. However, our data largely exclude
dimer-dimer phosphorylation.

In contrast to the results reported here and those from Jaleel
et al. (17), Luzon-Toro et al. (18) have shown that the LRRK2
kinase domain undergoes autophosphorylation in trans when
expressed as a recombinant protein in E. coli. The reasons for
the apparent discrepancy are not clear. However, the protein
expressed in E. coli may have a different topology to the mam-
malian protein due to the presence of the domains outside of
the kinase region as discussed above. There may also be differ-
ences in post-translational modifications that are present in
mammalian cells; for example, we have shown previously that
LRRK2 and the related kinase LRRK1 are basally phosphoryla-
ted when expressed in mammalian cells, for example (21). Fur-
thermore, we have shown that LRRK2 forms dimers, but we
have not found any contribution of the kinase domain to the
dimer formation. It is possible that the kinase domain alone
does not undergo dimerization, which might explain why
the kinase domain expressed in E. coli shows intermolecular
autophosphorylation.

In conclusion, this study shows for the first time that LRRK2,
and potentially other large kinases of this class, have a complex
topology that influences the kinase activity and the tendency of
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the protein to self-associate. We speculate that the formation of
a high molecular weight complex is associated with signaling of
LRRK?2, a hypothesis that can be assessed when the signaling
pathways of LRRK2 are elucidated.
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